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We review the status of axino dark matter. Two hierarchy problems, the strong CP problem
and the gauge hierarchy problem, have led to introducing into particle physics a spontaneously
broken global Peccei-Quinn symmetry and a softly broken supersymmetry, respectively. Combining
them implies the presence of not only an axion, but also of its scalar component, saxion, and
their fermionic partner, axino. Among these, the axion and the axino are attractive dark matter
candidates. Various possibilities for the axino as dark matter are discussed.
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I. INTRODUCTION
The axino, stable or almost stable on cosmological time
scales, is a well-motivated dark matter (DM) candidate.
Axinos differ from ordinary weakly interacting massive
particles (WIMPs) in that they are exceedingly weakly
interacting (EWIMPs), which radically changes their cos-
mological properties and also ways of testing them in ex-
periment.
Relic axinos can be produced in a hot plasma or in de-
cays of heavy particles in the early universe. The most in-
teresting case is when it can be cold dark matter (CDM)
- the possibility that was first considered in Ref. [1] where
axinos were generated in the decays of heavier particle af-
ter freezeout in the process that was dubbed non-thermal
production (NTP). This was next extended in Ref. [2]
to include thermal production (TP) through scatterings
and decays of particles in thermal equilibrium. It was
also pointed out there that the axino could as well be
hot DM (HDM) or warm DM (WDM), or that, for in-
stance, one of its populations could be warm while the
other cold. Since then the axino as DM in cosmology,
astrophysics and collider experiments has been studied
in many papers [3–14].
∗On leave of absence from the University of Sheffield, UK.
The axino as the superpartner of the axion was first
considered right after it was recognized that softly bro-
ken supersymmetry (SUSY) was relevant for particle
physics [15–17]. Therefore, an experimental confirma-
tion of axino existence would validate two theoretical hy-
potheses designed to solve two respective hierarchy prob-
lems: the strong CP problem by a very light axion [18]
and the gauge hierarchy problem by SUSY [19].
Similarly to the axion, axino interactions with Stan-
dard Model (SM) and minimal supersymmetric SM
(MSSM) particles are suppressed by the axion decay con-
stant fa. On the other hand, the quantity that is most
relevant for the axino in astro-particle physics, and at the
same time most poorly known, is its mass ma˜. Several
theoretical calculations of the axino mass followed [20–
22]. A method for calculating axino mass applies to any
goldstino (the superpartner of a Goldstone boson). A
goldstino related to the Goldstone boson has a root in
a global U(1) symmetry and receives its mass below the
SUSY breaking scale. SUSY breaking triggers the super-
Higgs mechanism and is related to the gravitino mass
m3/2 which has recently been clarified in [22]. Even
though generically axino mass is of order m3/2, a the-
oretically allowed mass range encompasses all the range
relevant for hot, warm and cold DM axinos. We will
discuss this in more detail below.
In the early days, a very light HDM-like axino from
the decay of a photino was considered [23] to constrain
the photino mass dependence on the axion decay con-
2stant fa. Rajagopal, Turner and Wilczek [24] considered
axinos in a keV mass range. Axinos in this mass range
can give a right amount of DM if produced in the ther-
mal equilibrium and constitute WDM in the standard
Big Bang cosmology. However, this kind of thermal ax-
ino is not useful if the reheating temperature TR after
inflation is much lower than the Peccei-Quinn (PQ) sym-
metry breaking scale fa. In this case the population of
primordial axinos is strongly diluted by cosmic inflation
and axinos are subsequently re-generated after reheating.
Due to the exceedingly small interaction strength,
1/fa, the relic abundance of thermal axinos depends on
the reheating temperature and on the axion model. This
special feature allows us to have a glimpse on the earliest
time after inflation, through the reheating temperature
inferred from the relic density of axino DM. It is also
worth mentioning that, due to the strongly suppressed
interaction strength, it is not necessary to assume R par-
ity for axinos to constitute DM.
In this paper, we provide a review of the axino as DM
and its implication in cosmology, astro-particle physics
and collider phenomenology.1
In Sect. II, we introduce axino frameworks and present
an effective Lagrangian describing its interactions. In
Sect. III, we discuss in more detail the production of ax-
inos, as well as cosmological applications for the HDM,
WDM, CDM, and superheavy axino cases. In Sect. IV,
we review CDM axino production at colliders and its
links with the early Universe. In Sec. V, we summarize
the discussion of axino DM and its cosmological conse-
quences.
II. AXION/AXINO MODELS
The strong CP problem can most naturally be solved
by introducing a very light axion field a [18] which couples
to the gluon anomaly
L = αsa
8πfa
GaµνG˜
a µν , (1)
where αs = g
2
s/4π is the strong coupling constant and
G˜a µν = 12ǫ
µνρσGaρσ is the dual of the field strength
Ga µν for eight gluons Gaµ (a = 1, 2, · · · , 8). This in-
teraction term can be obtained after integrating out
colored heavy fields below the PQ symmetry breaking
scale fa but above the electroweak scale vEW. The ax-
ion decay constant fa is constrained from astrophysi-
cal and cosmological considerations to a narrow window
1010GeV ∼< fa ∼< 1012GeV [18]. The upper bound is
obtained here assuming that the initial misalignment an-
gle is of order one, and can be lifted if the angle were
assumed smaller than one [25].
1 For other recent reviews on axinos as DM particles, see [7].
A general low energy axion interaction Lagrangian can
be written in terms of the effective couplings with the SM
fields c1, c2, and c3, which arise after integrating out all
heavy PQ-charge carrying fields. The resulting effective
axion interaction Lagrangian terms are [18]
Leffint = c1
(∂µa)
fa
∑
q
q¯γµγ5q
−
∑
q
(q¯LmqRe
ic2a/fa + h.c.) +
c3
32π2fa
aGG˜
+
CaWW
32π2fa
aWW˜ +
CaY Y
32π2fa
aY Y˜ + Lleptons,
(2)
where c3 can be set to one by rescaling fa. The axion
decay constant fS , θ = a/fS , is defined up to the domain
wall number, fS = NDWfa. The derivative interaction
term proportional to c1 preserves the PQ symmetry. The
c2-term is related to the phase of the quark mass matrix,
and the c3-term represents the anomalous coupling. The
axion-lepton interaction term Lleptons is analogous to the
axion-quark interaction term.
Two prototype field theory models for very light axions
have been considered in the literature. At the SM level,
one considers the six SM quarks, u, d, s, . . ., as strongly
interacting matter fermions. Above the electroweak scale
vEW ≃ 247 GeV one additionally introduces beyond the
SM (BSM) heavy vector-like quarks (Qi, Qi), which in
the interaction Lagrangian (2) are next integrated out.
At the field theory level the axion is present if there
exist quarks carrying the net PQ charge Γ of the
global U(1)PQ symmetry. In the Kim-Shifman-Vainstein-
Zakharov (KSVZ) model [26] one introduces only heavy
quarks as PQ charge carrying quarks. This results in
c1 = c2 = 0, and c3 = 1 below the vEW, or below the
QCD scale ΛQCD. The gluon anomaly term (the c3 term),
induced by an effective heavy quark loop, then solves
the strong CP problem. The axion field is a component
of the SM singlet scalar field S. In the Dine-Fischler-
Srednicki-Zhitnitskii (DFSZ) model [27] instead one does
not assume any net PQ charge in the BSM sector, and
instead the SM quarks are assigned the net PQ charge,
i.e. , c1 = c3 = 0 and c2 6= 0 below the electroweak
scale vEW. Here also, the axion is predominantly a part
of the SM singlet scalar field S. Several specific imple-
mentations of the KSVZ and DFSZ frameworks can be
found in Refs. [18, 28] which, however, require a whole
host of additional BSM fields. Therefore, any references
to the properties of the KSVZ and the DFSZ models can
serve at best as just guidelines. In this respect, it is un-
fortunate that there exists only one reference clarifying
the axion-photon-photon coupling from a string-derived
BSM framework [29].
SUSY models of very light axion can provide a clue
about the magnitude on the axion decay constant fa.
In Ref. [30] it was speculated that it is related to the
MSSM Higgs/higgsino mass parameter µ as fa ∼
√
µMP .
Recently, a permutation symmetry S2×S2 has been used
to relate fa and µ, realizing the old hypothesis in terms
3of a discrete symmetry [31]. Using a discrete symmetry
toward an approximate global symmetry is theoretically
welcome in that it evades the wormhole breaking of the
PQ symmetry [32].
Before one considers spontaneous symmetry breaking
of U(1)PQ, the axion Lagrangian can be said to have the
axion shift symmetry (which is just a phase rotation),
a→ a+const, and the physical observables are invariant
under the PQ phase rotation. Below fa, the PQ rota-
tional symmetry is broken, which is explicitly reflected
as a breaking of the axion shift symmetry through the
appearance of the c2 and c3 terms in Eq. (2). However,
the c2 term enters into the phase and a discrete shift of
the axion field can bring it back to the original value.
The c3 term is the QCD vacuum angle term and if the
vacuum angle is shifted by 2π then it comes back to the
original value. Thus, even though the U(1)PQ is broken,
one of its discrete subgroups, i.e. , the one corresponding
to the common intersection of the subgroups correspond-
ing to the c2 and c3 terms, can never be broken. As a
result, the combination c2+ c3 is invariant under the ax-
ion shift symmetry, and c2+c3 is defined to be an integer
signifying the unbroken discrete subgroup of U(1)PQ [18].
It is called the domain wall number NDW = |c2+c3| [33].
When an axion model is supersymmetrized [15–17],
there appears a fermionic SUSY partner of the axion field
called the axino a˜, as well as a real scalar field s named
the saxion. Together with the axion they form an axion
supermultiplet A
A =
1√
2
(s+ ia) +
√
2a˜ϑ+ FAϑϑ, (3)
where FA stands for an auxiliary field of A and ϑ for a
Grassmann coordinate. The interaction of the axion su-
permultiplet is obtained by supersymmetrizing the axion
interaction in Eq. (2). In particular, the interaction of
the axion supermultiplet A with the vector multiplet Va,
which is a SUSY version of the c3 term in Eq. (2), is given
by
Leff = −
∑
V
αV CaV V
2
√
2πfa
∫
ATr [VaV
a] + h.c., (4)
where αV denotes a gauge coupling, CaV V is a model de-
pendent constant and the sum goes over the SM gauge
groups. From this the relevant axino-gaugino-gauge
boson and axino-gaugino-sfermion-sfermion interaction
terms can be derived and are given by [34]
Leffa˜ = i
αs
16πfa
a˜γ5[γ
µ, γν]G˜bGbµν +
αs
4πfa
a˜g˜a
∑
q˜
gsq˜
∗T aq˜
+ i
α2CaWW
16πfa
a˜γ5[γ
µ, γν ]W˜ bW bµν
+
α2
4πfa
a˜W˜ a
∑
f˜D
g2f˜
∗
DT
af˜D
+ i
αY CaY Y
16πfa
a˜γ5[γ
µ, γν ]Y˜ Yµν
+
αY
4πfa
a˜Y˜
∑
f˜
gY f˜
∗QY f˜ ,
(5)
where the terms proportional to α2 correspond to the
SU(2)L and the ones proportional to αY to the
U(1)Y gauge groups, respectively. CaWW and CaY Y
are model-dependent couplings for the SU(2)L and
U(1)Y gauge group axino-gaugino-gauge boson anomaly
interactions, respectively, which are defined after the
standard normalization of fa, as in Eq. (1) for the SU(3)c
term. Here α2, W˜ , Wµν and αY , Y˜ , Yµν are, respec-
tively, the gauge coupling, the gaugino field and the field
strength of the SU(2)L and U(1)Y gauge groups. f˜D
represents the sfermions of the SU(2)L-doublet and f˜ de-
note the sfermions carrying the U(1)Y charge.
Similarly, one can derive supersymmetrized interac-
tions of the axion supermultiplet with matter multiplet
as a generalization of the c1 and c2 terms in Eq. (2).
Ref. [35] considered a generic form of effective interac-
tions and clarified the issue of energy scale dependence of
axino interactions. At some energy scale p which is larger
than the mass of the PQ-charged and gauge-chargedmul-
tiplet MΦ, the axino-gaugino-gauge boson interaction is
suppressed byM2Φ/p
2. This suppression is manifest in the
DFSZ axion model or in the KSVZ model if the heavy
quark mass is relatively low compared to the PQ scale
in which case the heavy quark is of course not integrated
out.
However, SUSY must be broken at low energy and
thus a SUSY relation between the axino and the axion is
modified. In fact, the most important axino parameter
in cosmological considerations, the axino mass ma˜, does
not even appear in Eq. (5). SUSY breaking generates
the masses for the axino and the saxion and modifies
their definitions. The saxion mass is set by the SUSY
soft breaking mass scale, MSUSY [16, 36]. The axino
mass, on the other hand, is strongly model dependent.
An explicit axino mass model with SUSY breaking was
first constructed long time ago [30] with the superpoten-
tial for the PQ symmetry transformation S → eiαS and
S → e−iα S,
W =
nI∑
i=1
Zi(SS − f2i ), nI ≥ 2. (6)
With nI = 1, the U(1)PQ symmetry is spontaneously
4broken but SUSY remains unbroken. The case nI = 2
was also considered in [30] but this model gives ma˜ = 0.
As first pointed out by Tamvakis and Wyler [16], the
axino mass is expected to receive at least a contribution
at the order of ma˜ ∼ O(M2SUSY/fa) at tree level in the
spontaneously broken global SUSY. In the literature, a
whole range of the axino mass was considered; and in fact
it can be even much smaller [17, 20, 23, 37, 38], or much
larger, than theMSUSY [21]. Because of this strong model
dependence, in cosmological studies one usually assumes
the axino interactions from the U(1)PQ symmetry and
treats axino mass as a free parameter.
Recently, the issue of a proper definition of the axion
and the axino was studied in the most general frame-
work, including non-minimal Ka¨hler potential [22]. In
that study, axino mass is given byma˜ = m3/2 forGA = 0,
where G = K + ln |W |2 and GA ≡ ∂G/∂A. For GA 6= 0,
axino mass depends on the details of the Ka¨hler poten-
tial, and it was shown that the case given by Eq. (6)
belongs to one of these examples. In gauge mediation
scenario, the gaugino mass is the dominant axino mass
parameter. In the case of gravity mediation, the axino
mass is likely to be greater than the gravitino mass but
one cannot rule out lighter axinos [22].
One lucid but often overlooked aspect of the axino is
that its definition must be given at a mass eigenstate
level. The coupling to the QCD sector given in the first
line of Eq. (5) can plausibly be that of the axino but
it does not give the axino mass. This is because the
axino is connected to two kinds of symmetry breaking,
the PQ global symmetry breaking and the SUSY break-
ing, which in general are not orthogonal to each other.
The PQ symmetry breaking produces an almost mass-
less pseudo-Goldstone boson (the axion), while SUSY
breaking produces a massless goldstino. The massless
goldstino is then absorbed into the gravitino to make it
heavy via the super-Higgs mechanism. This raises the
question of what the axino really is. This issue is shown
in Fig. 1 taken from Ref. [22]. The axino must be orthog-
onal to the massless goldstino component. Therefore, for
the axino to be present in a spontaneously broken super-
gravity theory, one has to introduce at least two chiral
fields [30]. Even though its name refers to the axion-
related QCD anomaly, one must select the component
which is orthogonal to the goldstino. If there are two
SM singlet chiral fields, this is easy since there is only
one component left beyond the goldstino. However, if
more than two chiral fields are involved in SUSY break-
ing, more care is needed to identify the orthogonal mass
eigenstate. Among the remaining mass eigenstates be-
yond the goldstino, a plausible choice for the axino field
is the component whose coupling to the QCD anomaly
term is the biggest. For two initial chiral fields in Fig. 1,
a˜′ has the anomaly coupling of Eq. (5) and hence the a˜
coupling to the QCD sector is equal to or smaller than
those given in Eq. (5). The remaining coupling is the one
to the s = ± 12 components of a massive gravitino. There-
fore, for the two initial chiral fields, axino cosmologymust
FA, FC F =
√∑
i F
iFi
↑
FC
FA = 0
FA 6= 0
↑
a˜
⊥
FA′ = 0
↑
↓
s′ + ia′
gµν
↓
ψµ
c˜(coaxino)a˜′(axino′) , g˜1/2(goldstino)
↑↑ ↓
cs + ia g
CA A′ Z
FIG. 1: Axion (blue) and goldstino (red) multiplets. The
axion direction a is defined by the PQ symmetry and the
goldstino (g˜1/2) and axino (a˜) directions are defined by the
fermion mass eigenvalues. The primed fields are not mass
eigenstates.
include the gravitino, as well, if a˜′ is not identical to a˜.
The “leakage” is parametrized by the F -term of the ini-
tial axion multiplet A. With more than two initial chiral
fields, the situation involves more mass parameters. One
notable corollary of Ref. [22] is that the axino CDM relic
abundance for ma˜ < m3/2 is an over-estimation if A ob-
tains the F -term.
The saxion mass is most likely of order m3/2, and
therefore saxions decay to SM particles. A notable cos-
mological implications of the saxion decay is known to
be entropy production and a dilution of cosmic particles
and the cosmic energy density. When applied to axion
cosmology, the effect leads to some increase of the cos-
mological upper bound on fa [39–42]. Axions and axinos
produced from the decays of saxions can also affect the
cosmic microwave background temperature anisotropy by
contributing an additional relativistic component [43–
47].
III. AXINOS IN COSMOLOGY
In this section we proceed to review axinos as relics in
cosmology. We will treat axino mass as a free parame-
ter ranging from eV to multi-TeV scales. A schematic
representation of the strength and mass of axino DM is
shown in Fig. 2, which is an updated version of the figure
originally included in Ref. [48] and next modified in [18].
Marked schematically in the figure are also other well mo-
tivated candidates for DM, with HDM, WDM and CDM
classes of candidates shown in red, pink and blue colors,
respectively. As one can see, depending on axino mass
and production mechanism, cosmic axinos may as well
fall into one or actually more than one (e.g., CDM and
WDM) population of relics, as discussed below.
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FIG. 2: Several well-motivated candidates of DM are shown.
σint is the typical strength of the interaction with ordinary
matter. The red, pink and blue colors represent HDM, WDM
and CDM, respectively. We updated the previous figures [18,
48] by including the sterile neutrino DM [49–51].
A. Production of relic axinos
As stated in Introduction, there are two generic ways
of producing relic axinos in the early Universe: thermal
production from scatterings and decays of particles in
thermal equilibrium, and non-thermal production from
the decays of heavier particles after their freezeout.
1. Thermal production
Primordial axinos decouple from thermal equilibrium
at the temperature [24]
Tdec = 10
11 GeV
(
fa
1012GeV
)2(
0.1
αs
)3
. (7)
They overclose the Universe unless their mass is bounded
to be smaller than keV [24]. In inflationary cosmology,
the population of primordial axinos is strongly diluted by
cosmic inflation; however axinos are re-generated during
reheating. When the reheating temperature TR is be-
low the decoupling temperature, axinos do not reach the
equilibrium level. However, axinos can be produced from
the scatterings in thermal plasma, and the number den-
sity is proportional to TR, in which case the keV mass
upper bound of Ref. [24] is relaxed. The calculation fol-
lows the same line of logic which was used for the grav-
itino regeneration and decay [52, 53]. If the axino mass
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FIG. 3: Thermal yield of axino, Y TPa˜ ≡ na˜/s, versus TR. For
strong interactions, the effective thermal mass (ETM) approx-
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and that of Strumia (green/light grey). We also denote the
yield from squark (solid green/light grey) and gluino decay
(dotted red), as well as out-of-equilibrium bino-like neutralino
decay (dashed black) with CaY Y = 8/3.
is between around an MeV to several GeV, the correct
axino CDM density is obtained with TR less than about
5× 104GeV [2].
Thermal production of axinos is described by the
Boltzmann equation where the first term on the r.h.s.
corresponds to scatterings and the second one to de-
cays [2, 5, 6, 54],
dna˜
dt
+ 3Hna˜ =
∑
i,j
〈σ(i + j → a˜+ . . .)vrel〉ninj
+
∑
i
〈Γ(i→ a˜+ . . .)〉ni,
(8)
where H denotes the Hubble parameter, σ(i + j → a˜ +
. . .) is the scattering cross section for particles i, j into
final states involving axinos and ni stands for the number
density of the ith particle species, while Γ(i→ a˜+ . . .) is
the corresponding decay width into final states involving
axinos. Approximate solutions for the number density of
relic axinos are given in Ref. [55].
In Fig. 3 (taken from Ref. [34] where it was updated
from Refs. [2, 3]) we show the axino yield Y resulting
6from scatterings and decays involving from strong inter-
actions in the KSVZ model. For different values of fa,
the curves move up or down proportional to 1/f2a . The
contribution from SU(2)L and U(1)Y interactions are
suppressed by the gauge coupling since the cross section
σ ∝ α3. (For comparison, in Fig. 3 we also show the yield
from bino-like neutralino decay after freezeout which is
subdominant at larger TR but becomes important at low
TR.)
In the case of scatterings, we compare three differ-
ent prescriptions for treating the infrared (IR) divergence
that have been used in the literature. In Ref [2] an ef-
fective thermal mass (ETM) approximation was used to
regulate the infrared divergence from massless gluon. A
more consistent way using a hard thermal loop (HTL) ap-
proximation was used in Ref. [5]. The technique is, how-
ever, valid only in the regime of a small gauge coupling,
gs ≪ 1, which corresponds to the reheating temperature
TR ≫ 106GeV where, as we shall see, axino as DM is too
warm. In Ref. [6] full resumed finite-temperature propa-
gators for gluons and gluinos were used which extended
the validity of the procedure down to TR ∼> 104GeV.
However, the gauge invariance in the next leading order
is not maintained. We conclude that there currently re-
mains a factor of a few uncertainty in the thermal yield
of axinos at high TR.
As noted in Ref. [35], when the temperature is higher
than the massMQ of the PQ-charged and gauge-charged
matter in the model which induce the axino-gaugino-
gauge boson interaction, the interaction amplitude is sup-
pressed byM2Q/T
2, in addition to the suppression by the
PQ scale fa. This is most notable in the DFSZ model
where the higgsino mass µ is around the weak scale and
the temperature is higher than this scale.
Axinos can also be efficiently produced through decays
of thermal particles via the second term in Eq. (8) when
TR is comparable to the mass of the decaying particles.
At larger TR the contribution from decays becomes in-
dependent of temperature and in any case strongly sub-
dominant relative to that from scatterings. At lower TR
the production becomes exponentially reduced due to the
Boltzmann suppression factor for the population of the
decaying particles in the thermal plasma.
One of the decay channels is a two-body decay of
a gaugino into an axino and a gauge boson [2]. The
gaugino-axino-sfermion-sfermion interaction in Eq. (5)
generates three-body decays of a gaugino into an axino
and two sfermions, which is subdominant to the two-
body decay. In the KSVZ model, an effective dimension-
4 axino-quark-squark coupling is generated at a one loop
and the squark decay can produce important amount of
axinos [3]. Those axino production from thermal gluons,
neutralinos and squarks are shown in Fig. 3.
In the DFSZ framework, the dominant production con-
tribution comes from scatterings involving SU(2)L in-
teractions and also from the decays of a higgsino into an
axino and a Higgs boson due to a tree-level axino-Higgs-
higgsino interaction term [35, 56] which is proportional
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11 GeV in the KSVZ model.
The bands inside the adjacent curves correspond to a correct
relic density of DM axino with both TP and NTP included.
The relic density of CDM is derived from Planck data [59]
ΩCDMh
2 = 0.1199 ± 0.0027 (68%CL). To parametrize the
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∼
< 5 keV) and NTP (ma˜
∼
< 30MeV, for a
neutralino NLSP).
to the higgsino mass µ. Axino production from higgsino
decays in thermal equilibrium is comparable to, or, for
large µ, can even be larger than, that from squark decays
for which a coupling exists also already at a tree level due
to the c2 interaction term, which is proportional to the
mass of the quark. Generally, in the DFSZ framework ax-
ino production from thermal decays dominates [56] over
that from scatterings [2, 35, 56, 57] which is suppressed
by the quark mass at higher temperature [35]. Therefore,
the axino abundance is independent of the reheating tem-
perature, if it is high enough compared to the higgsino
mass.
2. Non-thermal production
Axinos can be produced from out-of-equilibrium de-
cays of heavier non-thermal particles. In this case, the
axino abundance is independent of the reheating tem-
perature and its relic number density simply depends on
7the number density and the decay modes of the decaying
mother particles.
A particularly interesting case is axino production from
decays of the next-to-lightest SUSY particle (NLSP) as
the lightest ordinary SUSY particle (LOSP). Other ordi-
nary superpartners that are heavier than the NLSP first
cascade-decay to the NLSP which next freezes out from
thermal plasma. The NLSP then decays to the axino
LSP, however, this occurs much later on the cosmic time
scale, with the lifetime around the order of a second or
less [1, 2]. The non-thermal production of axinos from
the NLSP decay is given by
ΩNTPa˜ =
ma˜
mNLSP
ΩNLSP ≃ 2.7× 1010
( ma˜
100GeV
)
YNLSP.
(9)
Cosmological axino production can also proceed from
decays of other non-thermal relics, e.g., an inflaton, mod-
uli, a saxion, Q-balls [58], etc, however, specific imple-
mentations are strongly model dependent and will not
be considered here. Axino production from NLSP de-
cay therefore provides a conservative estimate of the relic
density of axinos.
CDM relic axino production from bino decays was first
considered in Ref. [1], and next in more detail in Ref. [2]
along with thermal production and with cosmological
constraints on CDM, and also on HDM and WDM ax-
inos. Additional processes of thermal axino production
from squark decays in thermal plasma were subsequently
considered in Ref. [3], and next applied in Ref. [4] in
an analysis of the Constrained MSSM (CMSSM) with a
neutralino and a stau as NLSP, where also analogous tau-
stau-axino couplings were obtained and applied. More re-
cently, these couplings were re-derived in Ref. [8] in a full
two-loop calculation including four-body hadronic decays
and also for fa larger than 10
12GeV. These couplings
are smaller and not important for thermal production,
but they are important for the non-thermal production
when the stau is the NLSP. Colored NLSP was consid-
ered in [60, 61], however, their contribution is negligible
due to their late freezeout.
In Fig. 4 (taken from Ref. [34] where it was updated
from Refs. [2, 3]) we consider the total abundance of ax-
inos (the sum of thermal and non-thermal production)
to show an upper limit on the reheating temperature for
a given axino mass from the total CDM abundance in
the KSVZ model. Here we fix fa = 10
11GeV and the
cases (I), (II) and (III) denote the different assumed val-
ues of NLSP abundance: YNLSP = 0, 10
−10, and 10−8,
respectively. For a small axino mass, less than some
10MeV, thermal production is dominant and depends on
the reheating temperature. However, for a larger mass,
NTP provides the dominant contribution. The regions
above/to the right of the curves are excluded due to the
overabundance of DM.
Now we proceed to review cosmological implications of
the axino depending on its mass.
B. Axinos in cosmology
If axinos are produced very late, at the time of larger
than one second after the Big Bang, from decays of
an NLSP, the injection of high energetic hadronic and
electromagnetic particles can affect the abundance of
light elements produced during Big Bang Nucleosynthe-
sis (BBN) [62, 63]. For charged NLSP the constraints
are even stronger [64]. This provides an upper bound on
the abundance or the lifetime of the NLSP; especially for
large values of fa the constraint is severe as discussed
in [2, 4, 8]. However, as long as fa ∼< 1012GeV, the life-
time of bino-like NLSP in a mass range of a few hundred
GeV is less than 1 second, and for the stau is similar,
which makes axino DM free from the BBN problem.
Constraints from BBN may also be applicable when
the axino is heavy and unstable, in which case it decays
into lighter MSSM particles and SM particles [46, 65].
All these scenarios depend primarily on one parame-
ter, the axino mass, and we discuss them in the order of
increasing mass.
1. Axino as HDM
The axino with mass in the eV and sub-eV range
produced in decays of an out-of-equilibrium sub-GeV
photino was considered early on in Ref. [23]. This case of
axino can be considered as HDM. A primordial thermal
population of axinos decoupled at ∼ 1011GeV and was
diluted away by cosmic inflation. In R-parity conserving
models the photino lifetime is a function of fa and thus
the HDM axino abundance depends on it [23]. This is
relevant both in the standard Big Bang and the inflation-
ary cosmology. This is because the photino abundance
is calculated from the photino decoupling temperature
which is below the reheating temperature after inflation
and hence the photino abundance is independent of the
cosmological scenarios.
A related sub-eV mass fermion useful for DM is grav-
itino for m3/2 ∼< 1 keV [66]. Since the decoupling tem-
perature of gravitino is close to the Planck mass, pri-
mordial gravitinos were diluted out in the inflationary
universe. However, axinos can decay to sub-eV graviti-
nos [67]. Sub-eV gravitinos are possible in the gauge
mediated SUSY breaking scenario. In the unstable axino
case sub-eV gravitinos can become HDM in the universe,
which was called ‘axino-gravitino cosmology’ [68].
2. Axino as WDM
Rajagopal, Turner and Wilczek [24] considered axinos
in the keV range. They obtained the axino mass bound
ma˜ < 2 keV for axinos to be WDM. However, this bound
can be relaxed if the reheating temperature TR after infla-
tion is much lower than the PQ symmetry breaking scale
8fa, in which case the primordial population of WDM axi-
nos is diluted away andWDM axinos are subsequently re-
generated after the reheating phase. Therefore, keV-mass
axinos can be WDM in the standard Big Bang cosmology
but cannot become WDM in the inflationary cosmology
for TR < fa. However, axinos produced non-thermally
from the decay of heavier particles can have large free
streaming length [43, 69]. In this case, axinos with mass
even in the MeV region can be warm enough to suppress
the small scale structures that can be probed by Lyman-
α [70] and reionization [71] data. This is shown with blue
arrow line in Fig. 4 for axinos produced from neutralino
decay. However, this constraint is relaxed if axino popu-
lation from NTP is subdominant to the one due to DM
axions.
3. Axino as CDM
Covi, Kim and Roszkowski [1] considered CDM axi-
nos. Axinos with mass higher than 10 keV for TP or
10MeV for NTP are non-relativistic enough to be CDM,
as marked in Fig. 4. Even though they are relativistic at
the time of production, their velocity is red-shifted with
the expansion of the universe and they have small free
streaming length at the time of structure formation.
For CDM axinos, relatively low reheating temperatures
are preferred, as shown in Fig. 4. Therefore, axino is a
good candidate for DM in models of thermal inflation
which takes place at a late time and naturally predicts a
low reheating temperature [72–76].
Allowing for R-parity violation, axino DM can decay
with a lifetime much longer than the age of the universe.
Photons from axino decay can be a DM signature and
can explain some astrophysical anomalies [77–81].
Scenarios with a mixed axion-axino population of
CDM have also been considered. In Fig. 5 we show a
numerical result from a scan over the MSSM with 19
model parameters with a SUSY axion model [11]. In the
relic density versus PQ scale plane the dominant axion
DM is shown in red and axino DM in blue.
4. Cosmology with superheavy axino
As a digression, we note that, for super-heavy axino,
it is the neutralino that most likely is the LSP, in which
case the neutralino population from heavy axino decays
could constitute CDM [65]. This case is particularly in-
teresting if the axino mass is greater than the gravitino
mass [22] and the data from PAMELA [82] and recently
from AMS-02 [83] which may imply a TeV scale of WIMP
mass, if the WIMP is CDM. In [84] it was shown that the
superheavy axino can account for TeV-scale cosmic ray
positrons produced as decay products of, for example,
an NMSSM singlino N˜ to e˜ plus e+, but not to antipro-
tons. This is possible in a string derived flipped SU(5)
grand unification model [85]. In this case, e˜ eventually
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FIG. 5: The relic density of mixed axion/axino dark mat-
ter versus the axino mass in the scan with 19 parameters in
the MSSM with SUSY axion multiplet. Figure taken from
Ref. [11].
decays to LSP neutralino plus SM particles. Of course,
the final population of the LSP is not enough to account
for the present CDM density in the decaying DM sce-
nario but the mother singlino density accounts for most
of the CDM density, which is given by the non-thermal
production from superheavy axino decays. Heavy axino
decays to singlino and the singlino decays to positron and
selection, and the selectron finally decays to the LSP neu-
tralino. This N˜–WIMP decay scenario was proposed to
explain the property that the PAMELA data does not
contain any large excess of antiprotons but a significant
flux of positrons [86]. On the other hand, if the decay-
ing DM scenario is ruled out in favor of the scattering
production of positrons, the superheavy axino case can
be predominantly decaying to the LSP plus SM particles,
for example in the MSSM extended by the PQ symmetry
with S and S of Eq. (6), not introducing extra singlets
N -type in the NMSSM.
The decay of heavy axinos provides a non-thermal pop-
ulation of LSP DM such as gravitinos or neutralinos [65].
Therefore, the abundance of axino before decay is also
constrained and gives a quite strong limit on the reheat-
ing temperature [87]. The neutralino DM scenario from
heavy axino decays was further studied in [12, 13] where
numerical results for the production of mixed axion and
neutralino DM were presented. The effect of saxion pro-
duction and decay was also considered and the entropy
production allowed the dilution of pre-existing particles.
The saxion decay can also produce a sufficient popula-
tion of relativistic axions which can be identified as dark
radiation in CMB observations [43, 46].
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FIG. 6: Contours of the reheating temperature which gives
correct relic density of axino dark matter in the NLSP–
axino mass plane. Here we have assumed YNLSP =
10−12 (mNLSP/100GeV), typical of neutralino NLSP, and
taken fa = 10
11 GeV. The cyan wedge in the upper right-
hand corner is excluded by the overdensity of DM, while in
the red wedge below it the axino is not the LSP.
IV. CDM AXINO PRODUCTION AT
COLLIDERS
The exceedingly weak strength of axino interactions
makes axino detection in direct DM search experiments
as well as at collider experiments rather hopeless. How-
ever, at the LHC a signal of axino DM in R-parity con-
serving scenarios may show up in the properties of the
LOSP.
With axino DM, the LOSP typically decays with the
lifetime of less than one second. Therefore, even if it
is unstable on cosmological time scales, it is practically
stable inside a collider detector, although it will decay
outside it. One spectacular signature of non-standard
DM would be to detect an electrically charged (stau) or
colored (stop) massive particle as a LOSP that would be
seemingly stable in a detector.
However, this would still leave the question open
whether the LSP is the axino or for example the grav-
itino. Measuring the LOSP lifetime would not be suffi-
cient. If the LOSP is an electrically charged particle, such
as stau, then this could be possible with the analysis of
three-body decay of the charged NLSP slepton into the
corresponding lepton, the LSP and a photon. One way
would be to measure the spin of the LSP through the
polarization of the final-state lepton and photon [88, 89].
Another is to measure the branching ratio and the angu-
lar distributions of the decay products in the three-body
decays of the LOSP [90].
Even if a stable massive neutral particle, such as the
neutralino, is detected at the LHC through a missing en-
ergy signature, this will still not guarantee its DM nature
conclusively since it could decay outside of detectors. A
signal indicating the same mass would therefore be nec-
essary in direct and indirect DM searches. The absence
of one could indicate the existence of lighter stable parti-
cle, such as the axino or the gravitino, playing the role of
DM. In this way, with the axino as DM, a large region of
the (C)MSSM which would be forbidden with neutralino
DM becomes allowed [4].
With much luck, one could in principle measure at the
LHC enough quantities to estimate, at least roughly, the
relic abundance of the LOSP and compare it with the
cosmological value. If the two were radically different,
again this would indicate a non-standard choice for DM.
A model-independent study of axino DM from collider
information was performed in Ref. [91]. Based on the
thermal and non-thermal production of axinos and the
cold DM density,
ΩTPa˜ h
2(TR,ma˜,mg˜,mLOSP, . . .) +
ma˜
mLOSP
ΩLOSPh
2
= ΩCDMh
2 ≃ 0.1.
(10)
and from the information inferred on the relic density
of LOSP at colliders, one could attempt to determine a
relation between the reheating temperature and the mass
of axino. This is shown in Fig. 4 (taken from Ref. [91]).
V. CONCLUSIONS
Axino is an intriguing candidate for DM in SUSY with
the axion solution of the strong CP problem. The mass
and interactions are highly dependent on the axion model
and its coupling to SM particles are suppressed by the PQ
scale fa. However, SUSY breaking alters the connection
so that the axino becomes massive and can also have mix-
ing with the goldstino [22]. Axinos can be produced in
the thermal plasma in the early Universe in scatterings
and decays of heavier particles and in out-of-equilibrium
decays of heavier particles. Axino relic density can be ob-
tained to coincide with the correct density of DM. Axinos
can be HDM, WDM or CDM depending on their mass
range and production mechanism. There could also be
two populations of axinos, for example one warm and
one cold, from different production modes. In the case
of heavy axinos, neutralinos can be produced from de-
cays of axinos and extend the available parameter space
and help to explain the positron anomaly in PAMELA
and AMS-02. The identification of LOSP and its inter-
actions at colliders might provide a relationship between
10
the reheating temperature and the axino mass, and also
glimpses into the earliest moments of the Universe after
inflation if the DM is made up of thermally produced
axinos.
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